Introduction-Kidney stones are a common problem worldwide with substantial morbidities and economic costs. Medical therapy reduces stone recurrence significantly. Much progress has been made in the last several decades in improving therapy of stone disease.
Introduction
Kidney stones are a common problem worldwide with a marked increase in prevalence over the past 20 years. According to the latest report from the National Health and Nutrition Examination Survey (NHANES 2007 (NHANES -2010 , the prevalence of kidney stones among American adults was 8.8%: 10.6% among men and 7.1% among women [1] . It is anticipated that there will be an increase in kidney stones in the future due to global warming, lifestyle changes, diet and obesity [2] [3] . The occurrence of kidney stones is costly due to both medical treatment and time lost from work [4] , and is also associated with increased rates of chronic kidney disease, hypertension and myocardial infarction [5] [6] [7] .
One of the major problems with kidney stones is the high rate of recurrence: after an initial stone, there is a 50% chance of forming a second stone within 7 years if left untreated [8] . As most patients with stone disease have identifiable risk factors, it is worthwhile to evaluate for underlying causes of stone formation. The 24-hour urine collection is the cornerstone of the evaluation of patients with renal stones as it allows for calculation of urinary supersaturations for the various salts associated with lithogenesis such as calcium oxalate (CaOx), calcium phosphate (CaP), and uric acid (UA), as well as the identification of specific metabolic derangements that may be contributing to risk. Dietary modification and medical treatment aimed at lowering urinary supersaturation can significantly reduce the risk of recurrence [9] . Fluid intake and dietary modification are important interventions in all stone formers and remain the first-line in stone management. These topics are well covered elsewhere [10, 11] but outside the scope of this review. Once lifestyle changes are undertaken, repeat 24-hour-urine measurements should be obtained to guide therapy and assess the impact of the intervention. Normal ranges for urine solute excretion are suggested in table 1, but there is a great deal of overlap between stone formers and non-stone formers, and these values should be regarded as continuous risk factors.
Medical expulsive therapy (MET)
For patients presenting with renal colic due to ureteral stone, the most important factors predicting spontaneous stone passage are stone size and location. A meta-analysis demonstrated spontaneous passage rates of 68 and 47% for ureteral stones less than 5 mm and 5 to 10 mm, respectively [12] ; the probability of passage was also related to the location in the ureter with 12, 22, and 45% of stones passing depending on whether they were in the proximal, middle, or distal ureter [13] . MET, the administration of drugs to facilitate stone passage, may obviate the need for surgical interventions.
The most common medications used for MET are -1 blockers and calcium channel blockers. The -1D receptor has been shown to be the most common -adrenergic receptor in the ureter and it is most heavily expressed in the distal ureter [14] . Alpha-1 blockers decrease the force and frequency of ureteral contraction [15] . Nifedipine, a calcium channel blocker, has been shown to relax ureteral smooth muscle in vitro and its effect is predominantly seen in the distal ureter as well [16] .
There are two meta-analyses evaluating the efficacy of calcium channel blockers and -1 blockers. Hollingsworth and colleagues in a meta-analysis of 9 randomized controlled trials (RCTs) reported that patients given an -1 blocker or a calcium channel blocker had a 65% greater likelihood of spontaneous stone passage than the control group [17] . The end point in these studies was stone passage, with treatment durations ranging from 7 days to 6 weeks. The pooled risk ratio from 9 trials was 1.90 (CI 1.51-2.40) for calcium channel blockers and 1.54 (CI 1.29-1.85) for -1 blockers. The concomitant administration of steroids had marginal benefit [17] . In the second meta analysis including 3 studies with nifedipine and 8 with tamsulosin, published as part of the 2007 American Urological Association/European Association of Urology guidelines for the management of ureteral calculi, Preminger and associates showed that use of nifedipine resulted in only a 9% absolute increase in the rate of stone passage as compared to controls, which was not statistically significant. In contrast, -1 blockers were shown to have a 29% absolute increase in stone passage rates versus controls, a statistically significant difference. The guidelines suggest that for patients with a ureteral stone < 10 mm and well-controlled symptoms, a period of observation along with MET is an option for initial treatment, and recommend -1 blockers as the preferred agents for MET [12] .
Although most studies of alpha-1 blockers have demonstrated beneficial effects, there are also reported unfavorable outcomes. Hermanns [18] conducted a RCT to evaluate the efficacy of MET with tamsulosin in which patients were randomized to receive either tamsulosin 0.4mg daily (n=45) or placebo (n=45) for 21 days. The stone expulsion rate was not significantly different between the tamsulosin arm (86.7%) and the placebo arm (88.9%; p=1.0). Median time to stone passage was 7 days in the tamsulosin arm and 10 days in the placebo arm (log-rank test, p=0.36), though the exact duration to stone passage was missing in 29 patients. Patients in the tamsulosin arm required significantly fewer analgesics than patients in the placebo arm (median: 3 vs 7, p=0.011). The authors concluded that tamsulosin treatment does not improve the stone expulsion rate in patients with distal ureteral stones ≤ 7 mm, though patients may benefit from a supportive analgesic effect. In a separate trial, Pedro et al evaluated the efficacy of alfuzosin as MET for distal ureteral stone passage [19] . Patients were randomized to alfuzosin group (n=34) or placebo group (n=35). There was no significant difference in the stone expulsion rate between the alfuzosin group and placebo group (73.5% vs 77.1%, respectively, p=0.83). Nevertheless, the time to stone expulsion (p=0.003) and the pain score (p=0.0005) were significantly in favor of the treatment group. The difference between these two trials and other favorable trials is the actual stone size. In the first trial, approximately 80% of the stones were ≤ 5 mm, while in the second trial the mean stone size was < 5mm. Side effects of -1 blocker therapy include dizziness, nasal congestion, ejaculatory disturbances, and hypotension. In patients undergoing cataract surgery, intraoperative floppy iris syndrome has been associated with -1 blocker therapy [20] .
Use of corticosteroids has been attempted to reduce both edema and inflammation in order to facilitate stone passage. In a small trial, Dellabella and colleagues compared stone passage rates in patients who received tamsulosin, with and without deflazacort. The results showed no difference in stone passage rates, but the corticosteroid group passed stones on average 2 days sooner (p<0.05) [21] . Further larger scale trials are required before use of corticosteroids is widely implemented. Of note, deflazacort is not currently available in the United States.
Nonsteroidal anti-inflammatory drugs (NSAIDs) provide excellent analgesia in renal colic through inhibition of prostaglandin synthesis, which reduces glomerular filtration and renal pelvic pressure, ureteric peristalsis and ureteric edema. They are highly effective in reducing the number of new colic episodes and hospital readmission [1] [2] [3] . However, NSAIDs do not appear to have any effect on the time to stone passage or the likelihood of stone passage in renal colic. Laerum et al [22] randomized patients to 7 days of diclofenac 50mg 3 times daily (n=41) or placebo (n=39). At 3 weeks follow up, 68% of those receiving diclofenac had passed stones as compared with 74% in the placebo group. The mean time to passage was also similar in both groups, 3 days vs. 3.8 days. In another study, Kapoor et al [23] randomized patients to indomethacin suppositories 50mg every 8 hours (n=13) vs. placebo (n=13). The mean time interval to stone passage was slightly lower in the indomethacin group at 82 hours as opposed to 89 hours for placebo, but this difference was not statistically significant (p>0.10). Grenabo et al [24] used indomethacin 150mg daily (n=37) vs placebo (n=41) for 7 days and found the rate of stone passage within these 7 days was not influenced by indomethacin (22/37 and 25/41 cases, respectively). Phillips et al [25] randomized patients to 400 mg of celecoxib, followed by 200 mg every 12 hours for 10 days (n=29) or to placebo (n=24). Here as well the results showed no significant difference in the spontaneous stone passage rate (celecoxib 55.2%, placebo 54.2%, p=0.69), days to stone passage (7.0 vs 9.0, p=0.6) or size of stone passed (3.9 vs 4.6 mm, p=0.18). The authors concluded celecoxib does not facilitate stone passage or decrease narcotic requirements in patients with acute renal colic.
3 . Pharmacotherapy to prevent stone recurrence
Idiopathic Calcium Stones
Approximately 80% of patients with nephrolithiasis form calcium stones, most of which are composed primarily of CaOx or, less often, CaP [26, 27] . In some cases stones form as the result of systemic diseases such as primary hyperparathyroidism, malabsorptive syndromes, or distal renal tubular acidosis (RTA). However, the majority of calcium stones form in otherwise healthy individuals without systemic disease. In most cases, stone formation is associated with metabolic derangements that alter urine supersaturation for CaOx or CaP, the most common of which is idiopathic hypercalciuria (IH) [28] . Hyperoxaluria, hypocitraturia, persistently elevated urine pH, and increased urinary uric acid excretion can also increase risk of stone formation by raising supersaturation or decreasing the solubility of CaOx or CaP in urine.
Idiopathic hypercalciuria
In addition to aforementioned fluid intake and diet modification, at present, thiazide diuretics remain the major therapy for calcium stones associated with IH, and have also been used in normocalciuric stone formers. Thiazides decrease urine calcium; the presumed mechanism seems to be an increase in calcium absorption in the proximal tubule, induced by volume contraction [29] . There are at least 10 RCTs that have examined the effects of thiazide on preventing idiopathic calcium-containing kidney stone recurrence. Seven of them reported a reduction in recurrence rate in treated patients [30] [31] [32] [33] [34] [35] [36] (see table 2 ). Three trials showed no difference, which may in part be due to smaller sample size and shorter duration of treatment [37] [38] [39] . Although most patients in these trials made CaOx stones, an unknown number were CaP stone formers, and hypercalciuria was reported in 20-100% of the study subjects. Researchers in these trials employed various thiazide-type agents: hydrochlorothiazide (HCTZ) 25 mg twice daily [30] , chlorthalidone 25-50 mg/day [33] , trichlormethiazide 4 mg/day [34] , indapamide 2.5 mg/day [35] , and bendroflumethazide 2.5 mg thrice a day [38] . The duration and outcomes of the trials are shown in table 2.
A recent report showed that in the majority of patients treated with thiazide for stone prevention, the drugs were not being used in an evidence-based fashion [40] . Of 107 patients, 102 were treated with HCTZ, 4 with indapamide, and one with chlorthalidone. While indapamide and chlorthalidone were used at doses found effective in RCTs, only 35% of HCTZ-treated patients received 50 mg/day; in all but two patients the drug was given once a day. Fifty-two percent were prescribed 25 mg and 13% 12.5 mg of HCTZ daily, doses that have not been tested in RCTs of stone prevention. Inadequate dosing of HCTZeither too low, or given only once daily -may be responsible for many so-called failures of thiazide in stone prevention.
The dose-dependent side effects of thiazide diuretics include hypokalemia, hyperglycemia, hyperlipidemia, hyperuricemia, hypomagnesemia, and hypocitraturia. In one short-term study of 13 patients administered thiazide for 1 week, urinary citrate excretion was substantially reduced, which returned to baseline with potassium supplementation. The effect of potassium citrate to correct hypokalemia was more pronounced than that of potassium chloride [41] . In a retrospective analysis, Odvina and associates reported longterm combined treatment with thiazide and potassium citrate in nephrolithiasis does not lead to hypokalemia or hypochloremic metabolic alkalosis [42] .
IH is associated with decreased bone mineral density and increased bone resorption [43] , and some have suggested that therapy aimed at decreasing urine calcium excretion may also improve bone histology in these patients. Balance studies have shown that thiazide treatment results in a positive calcium balance in stone patients [44] . Bisphosphonates are potent inhibitors of bone resorption and a few studies have shown bisphosphonates lower urinary calcium excretion and increase bone mineral density (BMD). Heller and associates [45] noted that a short-term course of alendronate corrected fasting urinary calcium, marginally reduced 24-h urinary calcium and improved calcium balance in 9 calcium stone formers. Giusti and associates [46] in an RCT of 67 post-menopausal women with hypercalciuria associated with osteoporosis found that combination therapy with alendronate and indapamide significantly decreased 24-h urinary calcium excretion and increased BMD compared with alendronate alone, while indapamide alone failed to improve BMD. So far, no RCTs have been performed to evaluate the effects of bisphosphonates on calcium stone recurrence, and therapy with bisphosphonates cannot currently be recommended for this purpose.
Hypocitraturia
Citrate in urine has a protective effect on calcium crystal formation which is due both to its ability to chelate calcium ions as well as the effect it has to inhibit nucleation and growth at the crystal surface [47, 48] . Several forms of alkaline citrate have been used to treat idiopathic calcium stone disease, especially in patients with hypocitraturia. Only a small amount of ingested citrate appears in the urine intact; the remaining citrate is converted to bicarbonate in the liver, which stimulates increased clearance of filtered citrate by the kidney by changes in intracellular pH of proximal tubule cells. Potassium citrate is preferred over sodium alkali because sodium loading can increase urine calcium excretion, offsetting the benefits of raising urine citrate [49] .
There are 3 major RCTs evaluating the effect of citrate administration in recurrent calcium stone formers (see table 2 ). Barcelo and colleagues compared the efficacy of potassium citrate with placebo in patients with hypocitraturic CaOx stones. They demonstrated a significant reduction in stone formation rate over 3 years of follow-up in patients taking potassium citrate, from 1.2 to 0.1 per patient-year (p<0.001) [50] . Ettinger et al. also found a significant reduction in the rate of CaOx stone formation in patients taking potassiummagnesium citrate compared with placebo [51] . In this study, only 20% of patients had hypocitraturia, so the benefits of raising urine citrate may not be limited to the patients with this abnormality, likely due to the ability of citrate to lower CaOx supersaturation and inhibit crystallization. However, Hofbauer and associates did not find any reduction in stone recurrence in a group of CaOx stone formers treated with sodium potassium citrate [52] ; possibly the use of a mixed sodium-potassium salt blunted the antilithogenic response to citrate.
Citrate treatment can raise urine pH, and this may increase the risk for CaP stones if urine calcium remains high and fluid intake is not maintained. In the two positive citrate trials discussed above, dosages of 30-60 mEq per day were used. Usually the dose of citrate is based on the degree of hypocitraturia and treatment can typically be started with 30 mEq/ day. The maximal recommended dosage is 60 mEq/day in divided doses to achieve urinary citrate excretion of > 500 mg/day. We and others recommend that treatment with citrate should typically be avoided when the urine pH is above 6.5 or if CaP supersaturation remains elevated [53] .
Compliance with citrate supplements is an issue. Gastrointestinal upset is the primary side effect. Citrus products have been proposed as an alternative to increase urinary citrate, but the data are conflicting [54, 55] . Hyperkalemia may occur in patients with renal insufficiency. In this situation, treatment with sodium-based alkali (sodium citrate, sodium bicarbonate) is an alternative.
Hyperoxaluria
Idiopathic hyperoxaluria, which is typically mild, is by far the most common type of hyperoxaluria. It may be due to excessive oxalate intake in diet, decreased dietary calcium, or increased endogenous production [56] [57] . Though historically low oxalate diets were uniformly recommended for patients with CaOx disease, recent data suggest that, at least on a population level, the dietary contribution may be smaller than previously estimated [58] . Nonetheless, a thorough history is important to identify potential dietary excesses that could be contributing in a particular individual. In addition, as low dietary calcium intake is associated with increased risk of CaOx stone disease [59] , a normal dietary calcium intake is encouraged.
Severe hyperoxaluria can result from primary hyperoxaluria (PH I, PH II and PH III), rare autosomal recessive genetic disorders of oxalate synthesis [60] [61] , and enteric hyperoxaluria, in which malabsorptive disorders such as small bowel resection, pancreatic insufficiency or bariatric surgery lead to increased absorption and renal excretion of ingested oxalate. The treatment strategy is directed at the underlying disorder. PH I, found in 80 percent of patients with PH [63] , is caused by deficiency of a liver-specific enzyme, alanine glyoxylate aminotransferase (AGT), which normally converts glyoxylate to glycine. The impaired glyoxylate metabolism in the peroxisomes of hepatocytes leads to an increase in synthesis of oxalate. Pyridoxine is an essential cofactor of AGT and pharmacological doses of pyridoxine reduce hyperoxaluria in about 30% of PH I patients [64] . PH types II and III are due to other enzyme deficiencies and are somewhat less likely to result in renal failure than PH I. Genetic testing can establish both the type of PH, and also identify those patients who are likely to respond to pyridoxine supplementation [65] . Treatment is focused on reducing urinary CaOx supersaturation by intensive medical management, including high fluid intake, administration of orthophosphate, potassium citrate and/or magnesium [66] .
Patients with PH need close monitoring for both stone formation and loss of renal function.
Patients with very elevated urine oxalate (usually those with PH I) are at risk for renal failure; the definitive treatment is combined liver-kidney transplant [67] [68] .
Dietary oxalate restriction is of limited benefit in PH, but patients with enteric hyperoxaluria should be advised to avoid food with high oxalate content. If dietary measures are insufficient, oxalate binding agents can be used with meals. It should be noted, however, that limited published data exist on the pharmacologic management of this complicated disorder. Calcium supplements can reduce oxalate absorption because the calcium binds dietary oxalate in the gut lumen [69] . Cholestyramine, 2 to 4g with each meal, is even more effective as an oxalate binder, but its drawbacks include unpleasant taste and the possibility of inducing vitamin K deficiency [70] . The phosphate binder sevelamer hydrochloride has been tried to reduce oxalate absorption, but the results are inconsistent [71, 72] .
Hyperuricosuria
Hyperuricosuria decreases the solubility of CaOx and is a well-documented risk factor for CaOx stones [73, 74] . Dietary purine restriction should be the first therapeutic intervention [75] . The noncompliant patients and true non-responders require alternative approaches.
In an RCT in hyperuricosuric CaOx stone formers with normocalciuria allopurinol was shown to decrease calcium stone recurrence [76] . Major drawbacks of allopurinol include rash, gastrointestinal upset, abnormal liver enzyme levels, and prolonged elimination in renal disease. Febuxostat, a nonpurine xanthine oxidase inhibitor may have advantages over allopurinol [77] . A clinical trial is ongoing to test the hypothesis that febuxostat, like allopurinol, could reduce hyperuricosuria and recurrent calcium stones.
Calcium phosphate stones with and without renal tubular acidosis
Stones that contain more than 50% CaP are uncommon [27] . The major determinants of CaP supersaturation are alkaline urine pH (>6.3) combined with hypercalciuria [78] . Pure CaP stones should always raise the possibility of an underlying defect in renal acid excretion, more specifically distal RTA; however most CaP stone formers do not have a disorder of acid excretion.
Treatment of CaP stones is similar to that of CaOx stones in that reduced dietary sodium and protein, high fluid intake, and thiazides are effective in our experience [53] , although few trials deal specifically with this group of stone formers. The role of alkali therapy in the treatment of patients with CaP stone disease is highly controversial, as the balance of risks and benefits is likely patient-dependent. Potassium alkali can raise urine citrate levels, and may reduce urine calcium, with additional direct inhibitory effects on CaP crystal formation [79, 80] . Citrate also inhibits individual crystal growth and aggregation, a beneficial effect not reflected in supersaturation calculations. These positive effects, however, are usually accompanied by a rise in urine pH which can predispose to CaP crystallization and worsening of stone disease. Which effect will be predominant in any given patient is difficult to predict. If treatment with alkali is undertaken, completion of follow up 24-hr urines to assess these differential effects is paramount.
Citrate is also a mainstay of the treatment of patients with distal RTA, in whom it is used to treat both acidosis and hypocitraturia, and the goals of therapy are stabilization of bone disease as well as stone prevention. Correction of metabolic acidosis may lower urine calcium, and improve CaP supersaturation. These patients have high urine pH at baseline, which may worsen with citrate treatment, and thiazide may need to be added to control hypercalciuria and supersaturation. However, in a study of 9 patients with incomplete distal RTA, Preminger and associates [81] found that despite a significant increase in urinary pH, treatment with potassium citrate (60-80 meq per day) led to a decrease in stone formation during 34 months of follow up compared with pretreatment rates. Urine calcium and CaOx supersaturation fell, while CaP supersaturation remained stable. However, here as well therapy with alkaline citrate should be monitored carefully with follow-up 24-hr urine collections to avoid an excessive rise in urinary pH and potential worsening of CaP supersaturation.
Medullary sponge kidney
Medullary sponge kidney is a congenital disorder characterized by malformation of the terminal collecting ducts in the pericalyceal region of the renal pyramids. The patients are usually asymptomatic. Most patients are discovered with a radiographic study for some other indication. Incomplete distal RTA, hypocitraturia, and hypercalciuria are common in medullary sponge kidney. Kidney stones are the major clinical presentation: about 12-20 percent of patients have recurrent calcium stone formation [82, 83] . The stones are primarily composed of CaP and CaOx.
Treatment of calcium stones in patients with medullary sponge kidney is the same as in patients with idiopathic calcium stones. For example, Fabris and associates in a retrospective analysis of 97 patients with medullary sponge kidney, reported potassium citrate in a dose of 30 mEq/day for an average of 6.5 years was associated with a reduction in stone formation rate from 0.58 to 0.10 stones per patient per year [84] .
Uric acid stones
The three major factors in the development of uric acid stones are low urine volume, hyperuricosuria, and abnormally acidic urine pH. However, low urinary pH is the principle determinant in uric acid crystallization. Most idiopathic uric acid stones in adults are associated not with hyperuricosuria but rather with unduly low urinary pH [85] , which may be a manifestation of insulin resistance. The solubility of undissociated uric acid is only 90 mg/L. Uric acid is a weak organic acid with a pKa of 5.5. Therefore, at low urine pH, undissociated uric acid precipitates to form uric acid stones [86] . Uric acid stones are increased in patients who have diarrheal illness [87] , ileostomy [88] , and metabolic syndrome [89] .
The main treatment is to increase the solubility of uric acid in urine and to reduce its concentration. Urinary alkalinization is the cornerstone of medical management of uric acid stones. Patients with known uric acid stones without significant obstruction or infection can receive a trial of oral medical dissolution, which will also serve as preventative therapy. Both potassium and sodium alkali treatment can effectively raise urinary pH, but potassium citrate is preferred over sodium citrate because sodium loads increase urinary calcium excretion. The initial recommended dosage is 30 to 40 mEq/day. Urine pH should be raised to 6.0 to 6.5.
Percutaneous or retrograde irrigation of large uric acid stones with alkalizing agents was a common practice in the past. This method was mainly used for dissolution of residual fragments after percutaneous or retrograde manipulation, or in those patients who did not tolerate systemic alkalinization. T he most commonly used agents were sodium bicarbonate solution (pH 7.0 to 8.0), tromethamine (pH 8.6) and 0.3 M tromethamine E (pH 10.5). These procedures require prolonged hospitalization and are not cost-effective [90, 91] .
If hyperuricosuria is present, animal protein consumption should be curtailed to less than 0.8 g/kg/day. For patients with hyperuricosuria refractory to dietary modification, xanthine oxidase inhibitors may be tried. Allopurinol is a mainstay treatment in patients with primary gout, inherited uric acid metabolism disorders, and in states of increased tissue turnover.
Cystine stones
Cystinuria is an autosomal recessive disorder of renal tubular and intestinal transport of dibasic amino acids, which results in increased urinary excretion of cystine, ornithine, lysine and arginine. Cystine is an amino acid formed by the linkage of two cysteine molecules via a disulfide bond. The limited solubility of cystine can result in stone formation. Although there are two genetically distinct forms of cystinuria, the clinical manifestations do not differ. Cystine excretion in these patients may range from 250 to over 1000 mg/day. Stones are generally composed of pure cystine although admixtures with calcium salts can occur rarely. Cystine solubility increases at higher urine pH [92, 93] .
Treatment of cystine stone has essentially not changed for more than 30 years [94] . Urine dilution, alkalinization and chelating therapy have remained the cornerstone of the therapeutic approach.
A reasonable goal is to keep the cystine concentration under about 240 mg/L and urine pH about 7 to maintain urine cystine supersaturation lower than 1. The goal almost always necessitates more than 4L of urine volume. Patients should awaken at least once per night to void and drink additional water in order to avoid the usual nocturnal concentration of urine. I f the urine pH is below 7, potassium citrate 10-20 mEq taken three times per day can be used to raise it. Cystine excretion may fall modestly on a sodium-restricted (<100 mmol/ day) and protein-restricted (0.8 g/kg/day) diet.
If stones recur despite adequate hydration and alkaline urine pH, a cysteine-binding drug should be added. Cysteine-binding drugs have sulfhydryl groups that allow them to form mixed disulfides with cysteine that are more soluble than the homodimer [95] . Dpenicillamine and tiopronin ( -mercaptopropionylglycine, -MPG) are the most commonly used thiol-binding drugs. Chow and Streem [96] studied the efficacy of D-penicillamine and -MPG in 16 patients with cystinuria. All patients received standard therapy with hydration and alkalinization. Failure of standard therapy was followed by addition of D-penicillamine (1 to 2 g) or -MPG (800 to 1200 mg) in daily divided doses. The results showed Dpenicillamine and -MPG are effective in decreasing the rate of stone formation in patients in whom hydration and alkalinization failed. Both drugs have side effects including fever, arthralgias, rash, dysgeusia, leucopenia, and proteinuria, but tiopronin is better tolerated, with a lesser incidence and severity of adverse reactions.
Recurrent stones should be analyzed, because therapy may need to be adjusted to prevent the formation of stones containing CaP due to the alkaline urine pH.
Struvite stones
Struvite stones (also sometimes known as triple phosphate stones) are composed of calcium magnesium ammonium phosphate and form only in urine infected by urea-splitting bacteria, such as Proteus, Providencia, and sometimes Klebsiella, Pseudomonas, and enterococci. Because of their potential for rapid growth and substantial morbidity, early detection and eradication are essential [97] . Struvite stones are difficult to treat, and require collaboration with an expert urologist. Treatment requires both removal of all stone material and effective antibiotic therapy. Antibiotic therapy should be guided by culture of the stone itself (or renal pelvic urine obtained at the time of surgery) as well as the bladder urine. In some cases, patients have underlying metabolic causes for stone disease, as well [98] .
According to the 2005 American Urological Association guideline on management of staghorn calculi [99] , surgical removal of stone material is the standard therapy. There are four major surgical options recommended, including percutaneous nephrolithotomy (PNL) monotherapy, combination of PNL and shock-wave lithotripsy (SWL), SWL monotherapy and open surgery. PNL should be the first treatment for most patients. SWL monotherapy is only used in selected patients with small stone volumes who have normal collecting system anatomy. Adequate drainage of the kidney before the procedure should be established. If combination therapy with PNL and SWL is undertaken, percutaneous nephroscopy should be the last procedure to ensure that stone fragments are removed. Open surgery is only recommended in a very selected circumstances, such as patients with a large stone burden, especially if the collecting system anatomy is very distorted, or in whom who there has been a failure to remove the stone with less invasive procedures.
Culture-specific preoperative and perioperative antibiotics are critical to prevent sepsis during the surgery. Long-term, low dose culture-specific antimicrobials are important to prevent new stone growth and progression after surgery. Also by minimizing urease concentrations, small fragments after surgery may even be eradicated. Treatment with antibiotics alone is not standard of care [99] .
When removal of all stone material is not possible, urease inhibitor has been used to slow or prevent stone growth. Acetohydroxamic acid (AHA) is most commonly used, although hydroxyurea is also available. In three randomized double-blind clinical trials in which AHA was used, stone growth or formation was reduced [100] [101] [102] . However, AHA requires adequate renal clearance for therapeutic efficacy and is contraindicated in patients with a serum creatinine level higher than 2 mg/dl. Its use is limited by side effects such as headache, thrombophlebitis, tremor, nausea, vomiting, and rash. AHA is also teratogenic. The starting dosage of AHA is 250 mg by mouth twice a day. If it is well tolerated for about 1 month, the dosage is increased to 250 mg by mouth three times a day.
Future directions
Over the past few decades, some progress has been made in the prevention of stone recurrence, especially in the calcium stone formers. Many RCTs evaluated the effects of dietary modification, potassium citrate, and thiazide in the calcium stone formation, but there is a need of further studies for comparison of pharmacotherapy vs dietary therapy, and single therapy vs combination therapy.
The treatment of cystine stones is both challenging and demanding. Minor medical improvements have been reported during recent years. Thiols remain the major treatment, but are not well tolerated. Development of effective treatment with a low profile of side effects is clearly necessary. It is possible that new techniques in molecular biology will be helpful for developing alternative forms of treatment, such as the inhibitor of cystine transporter in cultured human kidney cells that was demonstrated by antisense technology [103] . Another potential alternative approach is cystine crystal growth inhibitors, such as Lcystine dimethyl ester (L-CDME) [104] . The advantage of these inhibitors over the thiols in use is that at the low concentrations at which they seem effective they have a better safety profile and may also be more effective.
The role of oxalate-degrading bacteria, such as O. formigenes, in CaOx stone formation is a subject of current research. A pilot study showed O. formignenes reduced plasma oxalate levels and urinary oxalate excretion in the majority of PH patients [105] , but the results could not be unequivocally confirmed in a recent multicenter trial . There are also inconsistent results with regard to the use of lactic acid bacteria (probiotics) to reduce urinary oxalate excretion [106] . Treatment that involves the upregulation of intestinal luminal oxalate secretion by increasing anion transporter activity (Slc26a6), or use of oxalate binders is another approach [107] .
Further understanding of the potential pathogenic role of Randall's plaque as a precursor for CaOx nephrolithiasis, and the role of renal tubular crystal retention, may lead us to develop drugs that prevent the formation of Randall's plaque and/or renal tubular crystal adhesions [53] . Most importantly, however, future efforts should be aimed at understanding the molecular and genetic basis of both calcium and non-calcium kidney stones. Such an effort is necessary for the development of targeted therapy based on the underlying pathophysiological mechanisms of nephrolithiasis.
Conclusion
Adequate fluid intake and dietary modifications are successful in the prevention of stone recurrence. Thiazide, potassium alkali, allopurinol, and tiopronin have been shown effective in the treatment of different stones. Overall, however, few novel therapies have emerged over the past decade, and treatment of certain types of stones remains challenging. Currently, active studies evaluating pathophysiology and pathogenesis of stone disease are ongoing. These efforts will hopefully lead to the development of effective targeted therapy in the future.
Expert Opinion
In our practice, all stone formers are counseled on a low sodium diet and increasing fluid intake to facilitate at least 2-2.5L of urine volume on a daily basis, factors we believe to be absolutely crucial in the prevention of recurrent stone disease. With regard to MET, we support use of tamsulosin for medical expulsive therapy in appropriate patients due to the favorable side effect profile and the evidence for decreased time to stone passage. At this time we do not feel there is sufficient evidence to recommend addition of corticosteroid therapy. In idiopathic calcium stone formers with recurrent disease, we evaluate for the presence of systemic disease such as primary hyperparathyroidism or RTA with a blood and urine panel. If systemic disease is ruled out, we advocate targeting of specific metabolic abnormalities for treatment based on the results of the metabolic evaluation, using both diet and pharmacotherapy as appropriate. With regard to IH, properly dosed thiazide treatment is standard in our practice, with repeat metabolic evaluations to document improvement. For hypocitraturia, we consider treatment with potassium alkali, but always with careful consideration of urine pH to avoid exacerbating potential risk of CaP stone disease. Again, repeat metabolic evaluations are crucial in this situation. Severe hyperoxaluria (> 75 mg/ day) should raise the question of primary hyperoxaluria or a malabsorptive disease. If hyperoxaluria is found on the initial evaluation and primary hyperoxaluria has been ruled out, we start dietary counseling regarding increased dietary calcium intake and limiting high oxalate foods. If this is unsuccessful, we begin treatment with calcium carbonate with meals. If this fails, we initiate cholestyramine. Patients with pancreatic insufficiency may respond to treatment with pancreatic enzymes. For hyperuricosuria in the setting of CaOx stone disease, and only in this setting, we consider initiation of allopurinol therapy. Patients are counseled to watch for rash and we obtain complete blood counts (CBCs) at least yearly. At this time, we feel there are insufficient data to recommend febuxostat for this indication. For patients with uric acid nephrolithiasis, the key is urinary alkalinization. In patients with normal renal function and no history of hyperkalemia, we initiate potassium citrate 10-20 meq three times daily with a goal urinary pH of 6-6.5. In patients with a contraindication for potassium alkali, we consider use of sodium bicarbonate, despite the additional sodium load, as the benefit of alkalinization outweighs the risk of increased sodium intake. We encourage limiting dietary purine intake to 0.8-1 g/kg/day. Due to the high efficacy of urinary alkalinization, we seldom if ever utilize allopurinol for idiopathic uric acid stone disease. For cystine stone disease we initiate therapy with urinary alkalinization and increased fluid intake. If this is unsuccessful in reducing cystine supersaturation on repeat urine collections, we proceed with therapy with tiopronin, while closely monitoring for side effects. We obtain a CBC and liver function tests at least yearly while on tiopronin therapy. Close follow-up of these patients is essential to decrease stone formation. Lastly, for patients with struvite stones we strongly advocate for complete surgical removal due to the high risk of recurrence if all infected material is not cleared. Furthermore, it is critical to obtain a full metabolic evaluation, as patients often have an underlying metabolic derangement predisposing to nephrolithiasis. Given the side effect profile, we avoid use of AHA in our practice. 
